Introduction
============

No other modern epidemic or pandemic mobilized the global health community to action like the 2013--2016 Ebola virus disease outbreak in western Africa. Following the outbreak, calls for pandemic-threat warning systems came from both traditional public health policy-makers[@R1]^,^[@R2] and national governments.[@R3] As currently conceptualized, the first step in the identification of a pandemic threat requires an outbreak of sufficient size to come to the attention of medical personnel who are sufficiently influential and persistent to ensure action.[@R4] Once an outbreak is verified, well-established protocols for disease investigation and control can be swiftly put in place -- although it may be many months before the main risk factors and most effective control measures are identified. The Ebola outbreak in western Africa probably began in December 2013[@R5] but it took another year before traditional burial practices were found to be a leading cause of the rapid spread of the causative virus.[@R6]

Monitoring emerging infectious diseases
=======================================

Although human behaviours often increase the risk of acquiring an infectious disease, the systematic investigation of human risk behaviours is seldom included in disease surveillance strategies.[@R7] However, behavioural surveillance to improve the understanding of human immunodeficiency virus (HIV) and acquired immunodeficiency syndrome has been ongoing for decades. Behavioural assessment was key to the identification of injecting drug users as a high-risk group for HIV infection in the early 1980s.[@R8] It was also crucial in documenting the risks posed by HIV to women.[@R9] Subsequently, an innovative, practical method, which combines biological outcome data with behavioural risk factor data -- i.e. exposure variables -- was developed to document HIV transmission dynamics. Such integrated biological--behavioural surveillance has since become well established and standardized and been frequently implemented globally.[@R10]^,^[@R11] It has contributed extensively to a biologically-based and quantifiable understanding of the behavioural risk factors associated with the acquisition and transmission of HIV[@R12] and the early identification of subgroups of the population that may be more vulnerable to HIV infection.[@R9] More recently, data from integrated surveillance have been used to evaluate the impact of evidence-based interventions to prevent HIV infection and to monitor treatment uptake.[@R13] Similar surveillance could help identify behavioural risk factors and high-risk subgroups for zoonotic infections such as Ebola -- potentially before diseases of pandemic potential are identified in clinical settings or major outbreaks occur in communities.

Approximately half of the emerging pandemic threats are zoonotic in origin.[@R14]^,^[@R15] At the time of writing, the most lethal and costly pandemics of the 21st century, i.e. avian influenza, Ebola, Middle East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS), have all been caused by zoonotic viruses.[@R16]^--^[@R19] Little is known about either the risk factors that lead to the initial spillover of a zoonotic disease into human populations or the dynamics of any subsequent human-to-human transmission.[@R20] Much more is known about (i) the locations of so-called hotspots where, many scientists believe, new pandemics of zoonotic disease are likely to emerge;[@R14] (ii) the kinds of ecological and environmental activities that have been associated with spillover and outbreaks of zoonotic disease in the past;[@R21] and (iii) the distinct spatial groupings of specific infectious diseases on a global scale, and the associated ecological and virological barriers to the dispersal and establishment of those diseases.[@R22] In the development of pandemic-threat warning systems, integrated biological--behavioural surveillance can be tightly focused on specific viral families in the high-risk population subgroups that live in identified hotspots and are environmentally or occupationally exposed to animals.

The remainder of this article presents an overview of issues relevant to the design of rigorous behavioural surveys to assess the spillover of emerging zoonotic disease and the associated transmission risk factors, which is the first step in designing effective integrated surveillance. We identified community-based serological surveys of viruses with pandemic potential as a possible source of useful biological outcome data. We summarize the results of such serosurveys, conducted in non-outbreak settings in Africa, and evaluate their usefulness -- especially when used in combination with behavioural surveillance -- in the prediction of future outbreaks.

Designing behavioural risk surveys
==================================

When designed according to Strengthening the Reporting of Observational Studies in Epidemiology criteria,[@R23] integrated surveillance requires that both disease-indicator outcome variables and behavioural risk factors be measured in behavioural surveys. Behavioural risk factors, i.e. exposure variables, simply represent the population prevalence of behaviours that may or may not increase the risk of disease. Without the outcome variables, the exposure variables are of little use in elucidating the mechanisms of the spillover of zoonotic disease to humans or of subsequent human-to-human transmission. Effective surveillance requires questions that assess a range of animal exposures, document experiences of unusual illness and measure contextual factors that can lead to an increase or decrease in the probabilities of behavioural risk factors and disease.

In studies on zoonoses, the assessment of behavioural risk factors is complicated because different zoonotic diseases may be associated with different kinds of animal exposure. The spillover of zoonotic viruses from wildlife, the source of most emerging zoonoses,[@R15] has been difficult to document. Behavioural risk may be either direct or indirect. Direct contact with primate blood or bodily fluids has been associated with several zoonotic viruses found in humans, such as human T-lymphocyte virus,[@R24] simian foamy virus[@R25]^,^[@R26] and, possibly, Ebola.[@R5] Indirect contact was responsible for the transmission of Nipah virus to humans, which was mediated through date-palm sap contaminated with the urine of infected bats,[@R27] and hantavirus transmission is most frequently associated with inhalation of aerosolized virus from the excreta of infected rodents.[@R28] Both general exposure to animals, e.g. when buying live animals at market, and more intimate exposure, e.g. during the slaughter of animals or as the result of animal bites, must therefore be assessed.

Syndromic surveillance is widely used to monitor illnesses of unknown etiology in clinical settings and can provide a useful referent in the identification of the outcome variables to be measured in behavioural surveys. Several zoonotic diseases, such as avian influenza,[@R17] MERS[@R16] and SARS,[@R29] were identified via syndromic surveillance networks, from localized increases in the incidence of influenza-like illness or severe acute respiratory infection. By using standardized definitions, it should be easy to develop questions or symptom checklists for syndromic surveillance based on self-reported data. Such definitions already exist for influenza-like illness,[@R30] severe acute respiratory infection[@R30] and other syndromes consistent with zoonotic infection, such as encephalitis of unknown origin,[@R31] fever of unknown origin[@R32] and haemorrhagic fever of unknown origin.[@R33]

The risks posed to humans by exposure to animals may be modified by various biological, ecological, economic, political and sociocultural factors.[@R34] For example, poverty can place individuals and communities at the forefront of zoonotic disease risk through several mechanisms. Exposure to dense or diverse rodent populations in urban or rural environments[@R35]^,^[@R36] and the displacement of wildlife populations as land is cleared for crops are some mechanisms.[@R36] Understanding the context within which spillover to humans can occur is an important component in the prevention of zoonotic outbreaks. The same behavioural risk factors may be risky in one context but not in another. For instance, the sharing of a water source with animals displaced by a change in land use may only have an adverse effect on human health if there is faecal--oral transmission of the zoonotic pathogen to humans. If such transmission requires contact with the animal blood, then the sharing of the water source should not increase the risks of either spillover or transmission. Once human-to-human transmission of a zoonotic pathogen occurs, additional risks come into play, often as a consequence of the human infection, and these should also be measured pre-emptively. Burial practices and health-care-seeking practices were associated with explosive increases in, respectively, the incidence of human infection with Ebola virus in western Africa[@R6] and MERS in the Republic of Korea.[@R37]

Even in the absence of detailed biological outcome data, behavioural surveillance may be used to assess relationships between behavioural risk factors and self-reported experiences of unusual illness that are consistent with the symptoms of zoonotic disease. This could be done both rapidly and at a scale that facilitates epidemiologically relevant analyses. Although not as conclusive as biological data, self-reported data could provide substantially more information than is currently available.

Non-outbreak serosurveys
========================

In the field of pandemic threats, biological outcome data could address the weaknesses of any self-reported data collected in behavioural surveys. The ideal source of biological outcome data, i.e. data that provide the strongest evidence of zoonotic disease spillover, would be community-based screening for acute infection with zoonotic viruses. However, as such infection is rare under non-outbreak conditions, many thousands of individuals would usually have to be screened for a meaningful analysis of the behavioural risk factors. Serological assays, in which previous exposure to a virus is demonstrated by a positive result, can provide alternative biological outcome data. Since many more individuals may have been exposed to a virus than are currently ill with the virus, serology can provide the larger number of individuals, with known viral exposure, required for powerful analyses of behavioural risk factors. We therefore investigated the results of serosurveys for their potential usefulness in the prediction of future outbreaks. We focused on studies conducted in communities under non-outbreak settings in Africa. We collated results presented in peer-reviewed publications -- in English, French or Spanish -- that we identified via Google Scholar and Web of Science searches that ended on 31 December 2015 (available from the corresponding author). We used "Africa", "antibody", "serology", "serosurvey", "zoonoses" and "zoonotic disease" as search terms. We identified additional relevant results through the citations in the articles identified in the searches.

Serosurveys of zoonotic viruses have been conducted since the discovery of the Ebola virus in the 1970s, mostly during or shortly after an outbreak of zoonotic disease. Our searches revealed 38 serosurveys of zoonotic viruses in Africa that had been conducted during non-outbreak conditions.[@R25]^,^[@R26]^,^[@R38]^--^[@R49] To identify any associations between population subgroup risk and seroprevalence, we divided the subjects of the serosurveys into three risk categories, based on the limited data from previous research on zoonotic disease spillover. For example, hunters have been consistently found to be a high-risk population subgroup,[@R25]^,^[@R26]^,^[@R42]^,^[@R45]^,^[@R48] followed by rural populations, who have been categorized as medium-risk because of their close and regular proximity to wildlife.[@R38]^,^[@R39]^,^[@R41]^,^[@R43]^,^[@R44]^,^[@R46]^,^[@R49] Randomized or representative samples of general populations[@R40]^,^[@R47] have been considered to be low-risk.

Serological assays for several different zoonotic pathogens were conducted as part of serosurveillance in each of the 14 studies included in our analysis. Use of these assays led to the recording of a total of 38 unique zoonotic pathogen seroprevalences that ranged from 0% to 24%. Of these 38 seroprevalences, nine were recorded for high-risk population subgroups, 19 for medium-risk and 10 for low-risk. Evidence of previous exposure to a zoonotic pathogen, i.e. a seroprevalence of more than zero, was detected in eight (89%) of the high-risk population subgroups, 16 (84%) of the medium-risk and seven (70%) of the low-risk (available from the corresponding author). High seroprevalences, i.e. seroprevalences of at least 1%, represented the results for all eight of the high-risk subgroups with evidence of previous exposure to a zoonotic pathogen, 12 (75%) of the medium-risk subgroups with such evidence and three (48%) of the low-risk subgroups with such evidence (available from the corresponding author). Exposure to wildlife therefore appeared to be associated both with any evidence of viral exposure and with high seroprevalence.

Since the first known outbreak in 1976, the United States Centers for Disease Control and Prevention have recorded 35 documented Ebola outbreaks in Africa.[@R50] More than 5% of the subjects included in serosurveys in Gabon in 1981[@R43] and Liberia in 1982[@R46] showed evidence of exposure to Ebola virus, that is decades before an Ebola outbreak was first reported in either of these countries. Between 1.9% and 12.4% of the subjects included in Ebola serosurveys in three countries that have never reported an Ebola outbreak, the Central African Republic,[@R40]^,^[@R44]^,^[@R48] Madagascar[@R47] and Zimbabwe,[@R39] were also found to be seropositive.

Although serological assays exist for the coronaviruses that cause MERS and SARS, Hantaan viruses and paramyxoviruses, most serosurveys of zoonotic viruses in Africa have focused on haemorrhagic fevers. Most of the serosurveys we reviewed had also been done before the widespread availability and use of viral detection tests. Recently, population-based serosurveys have been increasingly adopted, in recognition of their utility in preparing health authorities for potential outbreaks or epidemics.[@R26]^,^[@R38]^,^[@R49] Current serological assay methods tend to be labour-intensive and to suffer from cross-reactivity that prevents distinction between several antigenically related viruses. However, the last few years have witnessed major advances in the development of economically feasible methods for comprehensive serological profiling[@R51]^,^[@R52] and these should facilitate the investigation of zoonotic spillover into human populations.

Prediction and risk mitigation
==============================

We review the potential contributions that integrated biological--behavioural surveillance could make to pandemic-threat prediction, prevention and risk mitigation. If we are to mitigate the risk of a zoonotic disease outbreak, we need a better understanding of the mechanisms behind the spillover of zoonotic disease into human populations. By making such mechanisms the focus of integrated surveillance, we should be able to: (i) monitor the presence and prevalence of behavioural risk factors and the seroprevalence of specific zoonotic pathogens within particular population subgroups; (ii) deploy targeted control and mitigation strategies rapidly; and (iii) evaluate the efficacy of prevention policies and interventions.

Although traditional disease surveillance must be frequent and ongoing to remain useful, behavioural surveillance remains informative even if conducted much less often, since behaviour change occurs slowly over time. To be effective as a prevention tool, integrated biological--behavioural surveillance should be implemented as a baseline measure -- to identify behavioural risk factors, determine the prevalence of those risk factors, especially in any population subgroups that are considered at higher risk of zoonotic spillover, and establish seroprevalence. Should an outbreak occur, a database that documents local behaviours and practices, as well as the context within which such behaviours occur, can contribute to the development of appropriate and feasible strategies for disease control and mitigation. Finally, data from integrated surveillance will be invaluable in both informing realistic and effective interventions and policies for the prevention of zoonotic spillover and transmission, and evaluating the impact of such interventions and policies efficiently.

Preventing the next pandemic
============================

Relative to the economic, social and political costs of epidemics, prevention will always be less expensive[@R3]^,^[@R19] if the targets of prevention activities are well understood and acted upon. The fact that success can feel more like the status quo is a challenge unique to prevention. The political commitment for prevention activities will often be less than that for a reactive response elicited by the emergence of a terrifying new infectious disease. However, political support may be improved if surveillance is made to be, and appear, more cost--effective, by focusing on specific diseases[@R22] in population subgroups who live in ecologically fragile hotspots.[@R14]^,^[@R21]

There is substantial overlap between areas considered to be hotspots for zoonotic disease spillover and those considered hotspots for HIV, perhaps the best known zoonotic virus.[@R14]^,^[@R53] This overlap opens a real possibility of merging attempts to detect zoonotic disease spillover with pre-existing population-based systems that have been used to investigate the HIV epidemic for several decades. For example, the Demographic and Health Surveys Program is implemented globally in settings without high-quality civil registration and has extensive experience in collecting integrated biological--behavioural surveillance data in community settings.[@R54]

Integrated surveillance will never be a viable alternative to traditional clinical disease surveillance for assessing active viral infections. Rather, it can serve to complement virus detection efforts, by potentially identifying pandemic threats before the need for large-scale clinical intervention. As current behaviours may not reflect the behaviours that originally exposed the individuals who are found seropositive to the virus of interest, both current and lifetime behaviours need to be investigated. This is the strategy that has proved successful in identifying subtle exposure risks in the field of HIV, such as backloading of syringes with drug solution by injecting drug users.[@R55] In identifying specific behavioural risk factors, integrated biological--behavioural surveillance will be most effective when the reported syndromic symptoms are recent, e.g. occurring in the previous 12 months, and their probable association with a zoonotic virus can be confirmed by a positive serological test result.

Conclusion
==========

Current pandemic-threat warning systems rely almost exclusively on disease surveillance in clinical settings. Standardized biological--behavioural surveillance, in which both disease outcome data -- self-reported and biological -- and behavioural risk factors are measured, would complement traditional surveillance and greatly advance the understanding of behaviours and practices that could be targeted for risk mitigation and, ultimately, for prevention. The implementation of integrated biological--behavioural surveillance need not be frequent to be informative and useful in preventing the spillover of zoonotic agents with pandemic potential.
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